A popular control strategy is model predictive control. Sometimes, it is necessary to switch between multiple model predictive controllers in a plant to meet different sets of control objectives. Hard switching may introduce some unwanted effects, while the soft switching method changes to a new controller by distributing the switching process over a number of control steps, avoiding some of the hard switching problems. In this paper, a novel formulation of the soft switching coefficient in a softly switched model predictive control method is presented. This method is applied to a multi-area power system. Soft switching is performed from the initial feasible cooperation based model predictive controller to the new controller with an intentional reduction of the interaction effects on the cost function. The results of the simulation show a smaller dependence on the communication network after soft switching; therefore, the security of calculations and information is increased. Similarly, this approach can be implemented in other systems such as computer networks.
Introduction
A popular control method is model predictive control (MPC) with a receding finite horizon. The basic concept of MPC is to use a dynamic model to forecast system behavior and optimize the forecast to produce the best decision for the control move at the current time [1] .
Therefore, predicting the future behavior of the control variables is the principle feature of an MPC scheme [2] . The attractiveness of MPC is mostly due to its ability to directly deal with constraints, leading to safe operation of the multivariable system under all circumstances. In addition, performance criteria can be embedded into an MPC problem to improve the economics or quality of the operation [3] . The model predictive control scheme is a very helpful approach to handle time varying systems and tracking problems [4] . The core of the MPC is to replace a "closed loop optimal control" with an "open loop optimal control" in a time-varying area. As a practical alternative method, MPC has received a great deal of attention [5] . Hence, MPC has been widely used in universities and industries. An efficient constrained system operation may require satisfying different sets of control objectives. It makes use of multiple model predictive controllers, with a switch between the controllers during the system operation [6] . Switched systems are commonly used to model multiple-mode plants or hybrid control systems that use a family of controllers [7] . Additionally, the switched MPC can be useful for large scale systems. A hard switching is a simple and direct method to change between two MPC controllers, but it does not usually provide satisfactory switching transients because the sudden switching may cause some unexpected impulsive phenomena such as an abrupt change of output/state, a large demand for instant control input and even actuator failure if the specifications of the two MPC controllers differ significantly [8] .
The soft switching method discussed in this paper reaches the new MPC controller by distributing the switching process over a number of control steps so that the previously mentioned problems of hard switching can be avoided.
The key contributions of this paper include a novel formulation to obtain a suitable soft switching coefficient based on a presented theorem, applying the formulation to a power network, the improvement of information security by the intentional reduction of the interaction effects on the cost function and the decreasing dependence on the communication network after soft switching in a simulated power network (or similarly in a computer network).
The outline of the remainder of the paper is as follows:
The specifications of the system are explained in Section 2. Section 3 presents the optimization problem for soft switching MPC. Section 4 proposes the formulation of the soft switching coefficient and related theorem. Section 5 shows a simulation of the discussed method applied to a power network with a number of control areas. The simulation results are discussed and analyzed in Section 6. Finally, the conclusions are given in Section 7.
Procedure for Paper Submission
Consider a discrete linear time-invariant system as follows: 
where Q is a positive semi-definite matrix and R is a positive definite matrix. is an appropriately chosen terminal set and P is a semi-definite matrix that is used for weighting the terminal state. It is usually calculated offline to ensure closed-loop stability. Matrices P and K are obtained by solving the following unconstrained infinite horizon LQR problem [9] , [10] :
is the prediction horizon where Z  is the non-negative integer numbers set. Additionally, x(k) is considered the initial state in discrete time instant kz   to begin the prediction process. Moreover, the feasible input sequences set are shown by U (a compact set), while the feasible states set X is a closed set.
Problem Statement
The important parameters in constrained MPC are matrices Q, R and P, horizon N and sets X and U. Therefore, the problem is the soft switching from the initial MPC controller ( , , , , , ) 
..
is the soft switching coefficient.
Additionally, at each time step, the current state x(k) is determined and x(k|k)=x(k). The most direct way to design constraints for the intermediate MPC is to combine the initial and final constraints in a convex manner [6] . If the soft switching coefficient
is used to combine constraints and the switching controller is feasible, then the following relations will be established:
where , X X U U II  . For each intermediate MPC controller to be feasible, its initial state must enter the intersection of the feasible sets of the previous controller and itself [6] . Thus, a constraint can be added to each intermediate MPC optimization problem to produce a feasible initial state for the next controller. For example, if the initial state of intermediate MPC controller j is at time j k , then the following constraint will be added to its related optimization problem:
The Formulation of the Soft Switching Coefficient
The soft switching coefficient
can be obtained based on the following theorem:
Theorem:
The goal is to switch softly between the two MPC controllers. The performance indices of the initial and final controllers are characterized by and (Q , R , N , P ) I I I I , respectively. Q, R and P are the weighting matrices in the performance index and N is the prediction horizon. For simplicity, the initial and final MPC controllers are assumed to have the same prediction horizon duration, that is N N N IF  . During soft switching, the performance index is defined as follows:
where:
is obtained from the following equation:
where H is the Heaviside step function and is defined as follows:
Suppose the switching begins at b kk  and sw τ is the switching interval.
Proof:
To transition from the initial to the final cost function, the proper coefficients should be determined for the weighting matrices:
where 1 μ and 2 μ are suitable switching coefficients. First, the following must be true:
Accordingly, the initial weighting matrices of the cost function are achieved as follows:
At the end of the switching interval, the following must be true: As a result, the final weighting matrices of the cost function are obtained as follows:
The relationship between weighting coefficients 1 μ and 2 μ can be written as follows:
Therefore, after determining how to transition one, for instance 1 μ from 1 to 0, the formulation of the soft switching coefficient is determined. This coefficient must be decreased gradually as discrete time k increases relative to the switching start time. The switching ends when e kk  , resulting in the following:
The switching coefficient is inversely related to the time interval () b kk  such that when () b kk  is increased, the switching coefficient is decreased.
Additionally, the decreasing rate of the switching coefficient is inversely related to the switching interval, such that when the switching interval is shorter, the switching coefficient must be decreased faster.
If the switching process is also applied along the prediction horizon for a more realistic prediction, then the increase of variable i in x(k+i|k) over the horizon relative to the start time of the prediction is inversely related to the switching coefficient, where:
In summary, the interval
is inversely related to the switching coefficient; therefore, for simplicity, we consider the following relations:
Given that 01   , the initial formula of the switching coefficient can be presented as follows:
As long as 0 k i k τ b sw     , then relation 01  β is established because the values of k during switching are in the following range:
Therefore, the following inequalities will be established:
and (19) result in the following:
Therefore, the result is:
However, the switching coefficient must change from one to zero during switching. While the prediction process exceeds the switching interval, according to (21) the value of becomes negative. However, in this case, the value of the switching coefficient must be zero for the remainder of horizon, and in fact, the final controller fully applies to the system because the switching process has been completed. To solve this issue, is multiplied by the following expression in the form of a factor:
The sign function is defined as follows:  is less than the switching interval, the switching process has not yet finished and the value of the sign function will be one. Because of the consideration of the factor 0.5, the value of expression (22) will become one so that multiplying it by β I has no effect.
If b (k i k )  is equal to the switching interval, then the elapsed time relative to the switching start time in addition to the prediction time reaches the end of the switching interval. Then, the sign function will become zero and β I (which in this case is zero) is multiplied by expression (22) with the value of 0.5, resulting in a final value of zero. Thus, the final formula of the soft switching coefficient is obtained as follows:
In mathematics, the function in the second bracket is known as the Heaviside step function:
This function is defined as follows:
Therefore, the soft switching coefficient can be written as follows:
Remark: If the switching coefficient is written as   , then parameter  can be used as a tuning knob [8] and can change the transient performance of the switching. 0  results in hard switching and if 1  , no switching will be performed. A higher value of this parameter leads to a stronger effect of the initial cost function on the switching process, while a lower value of  results in a stronger impact of the final cost function on the switching process.
Simulation Study: Application to a Power Network

Description of the Case Study
Consider a power network that consists of four control areas in which tie-lines provide the connections between the areas. Each area can have several generators and several consumers that can be modeled and integrated into an equivalent generator and an equivalent consumer. The used standard model for area j, state variables and related specifications and formulations are as follows [10] - [13] (Since automatic gain control action is limited to relatively small disturbances, the dynamics of each area can be linearized [14] , [15] ): where the symbol Δ represents a deviation from the steady state. The list of the used parameters is given in Table 1 [11] . The initial conditions of the system are nonzero and the MPC controller drives the frequency variations to zero by solving the optimization problem and adjusting PR as the control input.
Let NP=N=50, sampling period (T)=1s, simulation time=250 and the range of control input changes is determined as follows: 
Architecture of System
We assume the control framework of the system is feasible cooperation-based MPC (FCMPC) that is introduced in [16] . In cooperation-based control, each controller acts to improve a global objective [17] .
The FC-MPC problem of controller r can be defined as follows [10] , [16] :
where L is the number of subsystems and the set of feasible inputs r U is a compact set. Additionally, f X is an invariant set including the terminal state and zero. We represent the model for subsystem r as follows: 
where: 
Description of the Problem
The goal is to switch from an initial MPC controller with complete communications between the subsystems to a new controller with an intentional reduction of the interaction effects on the cost function, causing less dependence on the communication network and, as a result, improving the security of calculations and information.
The initial and final weighting matrices for the optimization problem of controller r are generally defined as follows: Fig. 1 shows the trajectory of the soft switching coefficient. The changes of the Lyapunov function over the simulation period are depicted in Fig. 3 . The Lyapunov function is as follows:
The Results of the Simulation
V(x(k)) is the optimum value of the cost function after completion iterations. Fig. 3 . Lyapunov function.
Discussion and Analysis
As shown in Fig. 2 , with the nonzero initial conditions, the control method adjusts the control input to drive the frequency deviations to zero and the system reaches the steady-state after the soft switching. According to Fig. 1 , the soft switching coefficient varies between one and zero. Fig. 3 shows that the Lyapunov function is decreasing over the simulation period, showing the stability of the system.
After the soft switching, the system's dependence on the communication network is decreased and information security is increased. For illustration, to create a connection error we change the value of 2 x that enters area-1 at discrete times 30 and 150 (before and after the soft switching). If . The values of output-1 at discrete times 32 and 152 in the normal case and in two abnormal cases are reported in Table 2 . The %Change is obtained as follows: As shown in Table 2 , %Change of 1 y (152) (after the soft switching) is less than the %Change of 1 y (32) (before the soft switching). Therefore, after the soft switching, the dependence on the communication network is decreased.
Conclusions
In this work, we adopted a novel formulation for the soft switching coefficient according to a theorem. The soft switching method achieves a new MPC controller by distributing the switching process over a number of control steps, allowing some problems of hard switching to be avoided. This method was applied to a power network with four control areas. In this case study, the MPC controller drives the frequency variations to zero by solving the optimization problem and adjusting the control input. We switch softly from the initial FCMPC controller with complete communications between the subsystems to the new controller with the intentional reduction of the interaction effects on the cost function. The results of the simulation showed less dependence on the communication network after the soft switching, improving the security of calculations and information. This method can also be applied to other systems such as a computer network with multiple control areas and similar benefits can be achieved.
